We investigated the transverse charge densities in the nucleon in nuclear matter within the framework of the in-medium modified Skyrme model. The medium modification of the nucleon electromagnetic form factors are first discussed. The results show that the form factors in nuclear matter fall off faster than those in free space, as the momentum transfer increases. As a result, the charge radii of the nucleon become larger, as the nuclear matter density increases. The transverse charge densities in the nucleon indicate that the size of the nucleon tends to bulge out in nuclear matter. This salient feature of the swelling is more clearly observed in the neutron case. When the proton is transversely polarized, the transverse charge densities exhibit the distortion due to the effects of the magnetization. 1. It is of utmost importance to understand the structure of the nucleon in particle and nuclear physics, since the nucleon consists of the basic building block of matter. In particular, the nucleon electromagnetic (EM) form factors are the fundamental issue in that they reveal how the electric charge and magnetization of the quarks are distributed inside the nucleon. While the EM form factors have been studied well over several decades, their understanding is still not complete.
1. It is of utmost importance to understand the structure of the nucleon in particle and nuclear physics, since the nucleon consists of the basic building block of matter. In particular, the nucleon electromagnetic (EM) form factors are the fundamental issue in that they reveal how the electric charge and magnetization of the quarks are distributed inside the nucleon. While the EM form factors have been studied well over several decades, their understanding is still not complete.
Recently, a series of new measurements of the EM form factors has been carried out and has produced the remarkably precise data [1] [2] [3] [4] [5] [6] [7] [8] . These new experimental results have subsequently intrigued both experimental and theoretical works (see, for example, the following reviews [9] [10] [11] ). The experimental data with high precision enable one to make a flavor decomposition of the nucleon EM form factors with isospin and charge symmetries taken into account [12, 13] . Moreover, generalized parton distributions (GPDs) have unveiled a novel aspect of the nucleon EM structure: The Fourier transforms of the nucleon EM form factors in the transverse plane, as viewed from a light front frame moving towards a nucleon, paint a tomographic picture of how the charge densities of quarks are distributed [14, 15] transversely. These transverse charge densities of the quarks inside a nucleon have been already investigated for the unpolarized [16] and transversely polarized [17] nucleons.
It is of equal importance to examine how the EM structure of the nucleon is changed in nuclear matter. Studying the EM form factors of the nucleon in medium provides a new aspect on EM properties of the nucleon modified in nuclei. In fact, the first experimental study of deeply virtual Compton scattering on (gaseous) nuclear targets (H, He, N, Ne, Kr, Xe) was reported in [18] . While uncertainties of the first measurement are so large that one is not able to observe nuclear modifications * yakhshiev@inha.ac.kr † hchkim@inha.ac.kr of the nucleon structure, Future experiments will bring about more information on medium modifications of the EM properties of the nucleon.
In the present work, we want to investigate the nucleon EM form factors and the transverse charge densities of quarks inside a nucleon in nuclear matter within the framework of an in-medium modified Skyrme model. The Skyrme model has certain virtues: it is simple but respects chiral symmetry and its spontaneous symmetry breaking. Moreover, one can easily extend it to the study of nuclear matter, based on modifications of the pion in medium [19, 20] . The energy-momentum tensor form factors of the nucleon, which are yet another fundamental form factors that are related to the generalized EM form factors, have been investigated in nuclear matter within this framework [21] . The results have explained certain interesting features of the modifications of the nucleon in nuclear matter such as the pressure and angular momentum. Indeed, we will also show in this work how the EM properties of the nucleon are changed in nuclear matter in a simple manner. We will also see that the transverse charge densities expose noticeably how the distribution of quarks undergo changes in the presence of nuclear medium.
2.
We begin with the in-medium modified effective chiral Lagrangian [20] : 
where 
They encode information on how the surrounding environment influences properties of the single skyrmion. The parameters α s and α p are related to the corresponding phenomenological S-and P -wave pion-nucleus scattering lengths and volumes, i.e. b 0 = −0.024m π , respectively, which describe the pion physics in a nucleus [22] . The last functional γ is parameterized in the form of an exponential function and represents the medium modification of the Skyrme parameter. This simple form with two variational parameters γ num = 0.47m
and γ den = 0.17m
reproduce the correct position of the saturation point of symmetric nuclear matter [20] . The ρ stands for the density of nuclear matter. The g 0 = 0.7 denotes the Lorentz-Lorenz or correlation parameter and f = 1 + m π /m free N is the kinematical factor.
Since we consider isospin symmetric infinite nuclear matter in the present work, the density can be regarded as a homogeneous and constant one. Thus, we can simply choose the spherically symmetric "hedgehog" for the soliton:
where n denotes the unit radial vector in coordinate space and τ the usual Pauli isospin matrices.
3.
We refer to Ref. [20] for the details of the minimization procedure and other useful formulas. In this work, we concentrate on EM properties of the nucleon.
The nucleon matrix element of the EM current is expressed in terms of the Dirac and Pauli form factors:
where the EM current is defined in terms of the baryon current B µ and the isovector current J
The γ µ denotes the Dirac matrices and u N (p, S) stands for the Dirac spinor for the nucleon with mass m N , momentum p, and the third component of its spin S. The σ µν is the spin operator i[γ µ , γ ν ]/2 and q 2 the square of the momentum transfer q 2 = −Q 2 with Q 2 > 0. The asterisk means the form factors in medium. In the Breit frame, the in-medium modified Sachs EM form factors of the nucleon are defined as
where J 0 and J correspond respectively to the temporal and spatial components of the properly normalized sum of the baryonic (topological) current B µ and the third component of the isovector (Noether) current V * µ . The isoscalar (S) and isovector EM formfactors are generically expressed as
where the densities are given as
Here, λ * stands for the medium-modified moment of inertia of the soliton. Note that because of the modification of the Skyrme term, all of the electromagnetic charge distributions except for the isoscalar electric charge depend explicitly on the medium density. Moreover, the medium functional α p appears in the expression of the isovector magnetic density distribution.
The charges of the proton (p) and neutron (n) are defined as
where density distributions include the prefactor 1/2. Similarly, the magnetic moments of the nucleon are defined as
The corresponding isoscalar and isovector mean square charge radii are given as
4.
We are now in a position to discuss the results. In Table I , we list the results of the magnetic moments, the isoscalar and isovector charge radii of the nucleon as functions of ρ/ρ 0 . The electric charge radius of the nucleon is well reproduced in free space, compared with the experimental data: (0.877±0.005) fm. charge radius shows that the size of the proton swells up in nuclear matter, which is consistent with those of different approaches. For example, at normal nuclear matter density the proton charge radius r 2 p * is enhanced by about 10 %. On the other hand, the magnitude of the neutron charge radius r 2 n * is reduced by about 4 %. At first glance, the size of the neutron seems reduced. In fact, however, it swells like that of the proton, because the positive charges of the neutron are distributed in the inner part of, whereas the negative charges are found in outer part. When the neutron is in medium, both the positive and negative charges are broadened, which implies that size of the neutron actually becomes larger in nuclear matter. This will be explicitly shown later when we discuss the transverse charge densities of the neutron.
As was known already, the results of the nucleon magnetic moments in the Skyrme model turn out to be underestimated. However, since we are mainly interested in the modification of the nucleon magnetic moments in nuclear matter, we will concentrate on how the magnetization of the nucleon undergoes changes in medium. The magnetic moments are even more dramatically changed due to the additional medium factor α p in the expression of the magnetic-vector density distribution ρ V M . As a result, the proton magnetic moment is enhanced by almost about 18 % at normal nuclear matter density ρ 0 , whereas the neutron one increases by about 30 %. It indicates that the neutron is changed more sensitively, which will be shown later again in the neutron transverse charge densities. Figure 1 draws the results of the proton and the neutron EM form factors in free space (dashed curve) and at normal nuclear matter density ρ 0 in nuclear matter (solid curve), respectively. We observe that as the density increases, the EM form factors fall off in general faster than those in free space. Similar qualitative results have been obtained in the framework of the quark meson coupling (QMC) model [23] . However, the present results are quantitatively different from those in the QMC model. For example, compared with the proton electric form factor at
is reduced by about 30 % at ρ 0 , whereas that from the QMC model decreases only by about 8 % [23] . In the case of the neutron one G n * E (Q 2 ), it is the other way around. At Q 2 = 0.3 GeV 2 , the neutron electric form factor is changed by about 1 % only but in the QMC model brings it is lessened by about 8 %. However, the neutron electric form factor falls off faster in nuclear matter than that in free space (e.g. at Q 2 = 1 GeV 2 G n * E is decreased by approximately 30%). On the other hand, the present results are similar to those of Ref. [24] . In general, the neutron is more likely to be changed in medium.
The modifications of the nucleon magnetic form factors are also more prominent within the present model in comparison with the QMC model. At normal nuclear matter ρ = ρ 0 and at Q 2 = 0.3 GeV 2 the proton and neutron magnetic form factors are reduced by about 12 % and 8, %, respectively, compared to the case of the free space within our approach, while the QMC model yields them decreased by 1.5 % and 0.9 %, respectively. Thus, in general, the present results show stronger medium effects than those from the QMC model.
It is also of great interest to study the flavordecomposed EM form factors, since the experimental data are now available in free space [12, 13] . We want to examine how the flavor-decomposed EM form factors undergo the changes in nuclear matter. Assuming isospin symmetry in flavor SU(2), we can decompose the nucleon EM form factors into those of the up and down quarks as follows [25, 26] :
In Fig. 2 , we draw the results of the up and down EM form factors in free space (dashed curve) and at normal nuclear matter density (solid curve). In general, the form factors in nuclear matter tend to fall off faster than those in free space. The down EM form factors are shown to be more sensitively affected by the presence of nuclear matter. Interestingly, the in-medium down magnetic form factor starts to decrease less than that in free space till about Q 2 ≈ 0.3 GeV 2 , and then drops off sharply. We will soon see a similar feature when the transverse charge densities are considered.
The transverse charge densities of quarks inside a nucleon reveal the modification of the nucleon EM structures more prominently. In fact, the usual charge and magnetization densities obtained from the threedimensional Fourier transform of the EM form factors in the Breit framework obscure their physical meaning because of the Lorentz contraction of the nucleon in its moving direction [14, 27] . On the other hand, the transverse charge density provides a clear understanding of how the charge of quarks inside a nucleon are distributed. We can extend straightforwardly this to nuclear matter. However, We want to mention a caveat. Since the original Skyrme model produces the underestimated magnetic form factors of the nucleon but explains reasonable Q the transverse charge density inside a neutron that depend on both the neutron electric and magnetic form factors. However, the present aim is at studying how the EM properties of the nucleon undergo changes in nuclear matter, so that we will rather use the normalized nucleon magnetic form factors with the experimental data for the corresponding magnetic moments as shown in Fig. 1 .
When the nucleon is unpolarized, the quark transverse charge density can be expressed as
where τ = Q 2 /4m 2 N and J 0 is a Bessel function of order zero. Figure 5 depicts the transverse charge densities inside an unpolarized proton in the upper panel and an unpolarized neutron in the lower panel. In the left and right panels, we show those in free space and in nuclear matter, respectively. The results indicate that the nucleons swell up indeed in nuclear medium. In the center of the proton, the positive charge distribution tends to lessens but it extends in outer directions in nuclear matter. In the case of the neutron, the medium effects are more noticeably observed as shown in the lower-right panel of Fig. 4 . Note, however, that the negative charges are centered as in Ref. [16] but are not as deep as that of Ref. [16] . The reason lies in the fact that the neutron electric form factor turns out to be overestimated, as mentioned already.
Assuming that the nucleon is polarized in the xy direction which can be expressed by the transverse spin operator of the nucleon S ⊥ = cos φ Sêx +sin φ Sêy , we find that the Pauli form factor contributes to the transverse quark charge densities inside a transversely polarized nucleon as follows:
where b = b(cos φ bêx + sin φ bêy ) denotes the position vector from the center of the nucleon in the transverse plane. The J 0,1 are the Bessel functions of order 0 and 1. The second term in Eq. (14) makes the transverse charge densities distorted from the unpolarized one. We choose the polarization direction of the nucleon along the x axis, i.e. φ S = 0. In Fig. 5 , we draw the transverse charge densities in- side polarized nucleons. The density inside the polarized nucleon is shown to be distorted in the negative b y direction. As explained already in Refs. [14, 17] , the polarization of the nucleon in the x direction induces the electric dipole moment in the negative y direction, which is just the relativistice effect. As a result, the strong distortion arises as shown in Fig. 5 . In nuclear matter, the transverse charge density shows the same tendency but seems less obvious. This might be due to the fact that the quark charges decrease in the center of the proton but extend to the outer region. Hence, the influence of the proton polarization on the transverse charge densities is somewhat diminished.
When it comes to the neutron case, the polarization effects are profound: the negative charges are forced to move to the negative y, while the positive charges are found in the positive y. As a result, the transverse charge densities inside the polarized neutron turn out be very asymmetric. The same is true in nuclear matter. In Fig. 5 , the profiles of the transverse charge densities are plotted with b x is fixed to be zero. The effects of nuclear medium are clearly observed. In general, the transverse charge densities in nuclear matter are likely to decrease in the center but extends to the outer directions.
5. The present work aimed at investigating how the electromagnetic properties of the nucleons were modified in nuclear matter within the framework of the in-medium modified Skyrme model. We found that the electromagnetic form factors of the nucleon fell off faster in nuclear matter. The transverse charge densities inside a proton and a neutron indicate that the nucleon in nuclear medium tends to swell up in general. The effects of the proton polarization are somewhat reduced in nuclear matter. Since the positive charges decrease in the center of the proton but extends to outer directions, the distortion of the transverse charge distribution is less noticeable. The same features were found in the neutron case.
The present results are consistent with those of other models: for example, a soliton model with vector mesons [24] and the QMC model calculations [23] . The present investigation may shed light on understanding the medium modification of the nucleon, which will be measured experimentally in near future. 
FIG. 5.
Transverse charge densities inside unpolarized and polarized protons with bx fixed to be zero are plotted in the upperleft and the upper-right panels, respectively. In the lower panels, those inside neutrons are presented with the same notation as the proton case. The dashed curves draw the results in free space and the solid ones represent those in nuclear matter at normal nuclear matter density ρ0 = 0.5m
